T he risks posed to human health by vector-borne diseases continue to provide grounds for the important exchange of scientific ideas (1, 2). The emerging consensus is that while early attempts to model climate driven changes in the distribution of vector-borne disease were based on very shaky assumptions, attempts to refute them were also based on less than perfect data and limited analyses that overemphasized stasis. The paper by Paaijmans et al. (3) in this issue of PNAS suggests that the relationship between climate and malaria is even more subtle than previously appreciated. If we are to assess the impact of both climate and weather on malaria transmission, we need a deeper understanding of the nonlinear ways in which the biology of the parasite and its mosquito vector integrates temperature fluctuations. The authors show that diurnal fluctuations in temperature can modify the parasite's external incubation period inside the mosquito (''sporogony''), relative to estimates based on the coarser temporal resolution of daily mean temperatures. In areas where temperatures are close to the threshold for completing sporogony (Ϸ16°C), increasing variance allows development to proceed despite the nocturnal interruptions, as warm temperature pulses can compensate during the warmer parts of the day. However, the authors also show that for mean temperatures at the other end of the spectrum, where sporogony should proceed apace, the opposite can potentially occur. This suggests that transmission models and ''risk maps'' that ignore diurnal variability will tend to underestimate malaria risk in cooler environments and to overestimate risk in warmer areas.
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Despite extensive laboratory knowledge acquired in the first half of the 20th century on both the vector and the parasite, important questions remain on the precise role and interactions of the various biological processes driven by temperature. For example, we still do not fully understand how malaria transmission can be maintained in highland areas that are characterized by low vector abundance (4, 5) and where temperatures fall below the critical temperature for sporogony. These riddles have become central to explain the increase in malaria in the last decades, particularly in the East African Highlands. The asymmetry in the results of Paaijmans et al. (3) is important because concerns about the effects of climate change on malaria risk are not geographically uniform, but are of most acute at the edge of the distribution of the disease, where levels of immunity are low and epidemic outbreaks are more severe. When sufficiently cold temperatures restrict transmission, as occurs at increasing altitudes, the lengthening of the parasite's external incubation period interacts with the slowing down of the seasonal growth of the mosquito population and a reduced frequency of mosquito feeding to ultimately break the Author contributions: M.P., A.P.D., and M.J.B. wrote the paper.
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Coupling climate data to malaria population dynamics requires downscaling of climate data that exhibits a variety of spatial and temporal scales (as illustrated here). A global grid product (Climate Research Unit, CRU TS3, www.cru.uea.ac.uk) averages over an area that is large (0.5°ϫ 0.5°) from an epidemiological perspective. The blue curve shows mean monthly temperatures for the grid point overlapping the tea plantations in Kenya (Kericho district) for which a number of studies have debated the role of temperature on the exacerbation of epidemic malaria. Because of the lower spatial resolution, the CRU data have a higher mean than that of a local meteorological record but a similar trend. Ultimately, temperature limits the altitudinal distribution of malaria in East African highlands, as the parasite is racing against time to develop within the mosquito's lifespan so that it can be transmitted to another human host. Paaijmans et al. (3) show that diurnal variation influences the time it takes for malaria development. transmission cycle. In contrast, the epidemiological significance of overestimating development times at warm temperatures is less clear, as malaria prevalence would already have reached its saturation point in the population.
Paaijmanns et al. (3) then use their results to re-examine the observed increase in malaria transmission in the Kericho district of Kenya, where tea plantations have kept some of the most intensive long-term time series for malaria in Africa. The relationship between the rise in temperature and its impact on malaria transmission have been extensively debated (6-9). An important part of the debate has centered on whether ''gridded'' climate data that average over a relatively large area (0.5°ϫ 0.5°latitude/longitude) (and therefore over different altitudes), are appropriate for examining the presence of warming at more local scales (8). Paaijmans et al. describe a small increasing trend in temperature within local station data from 1996, consistent with the observed trend in the gridded data from 1950 to 2002 (9) . Fig. 1 shows that warming trends in temperature are present in both the gridded time series and a local record obtained by dovetailing the readings from two local meteorological stations. In light of these patterns and Paaijmans et al. (3), we now need to consider trends in daily minima and maxima and their consequences for the population dynamics of malaria for a range of altitudes.
In earlier attempts to explain malaria at high altitude, Garnham (10) and Gillett (11) recognized the potential importance of the indoor resting habits of the vectors and the higher ambient temperatures indoors. There is a considerable body of evidence that indoor resting is most common for the main African vectors, Anopheles gambiae and Anopheles funestus (10, 12) . If indeed ''endophilia'' is the rule, temperature conditions would be more conducive to parasite development, and the effect described by Paaijmans et al. (3) might be less pronounced because of the lower diurnal variation indoors (Fig. 1) , a phenomenon that is more striking in an inhabited than an uninhabited dwelling (13).
A thermodynamic model for insect development was fitted by Paaijmans et al. (3) to empirical data obtained for different but constant temperatures, reproducing in part of its range the wellknown earlier curve of Detinova (14) (see Fig. S2 in ref. 3 ). An underlying assumption is that physiological and ecological curves obtained for constant temperatures can indeed be integrated at daily (or even lower) scales to examine the effect of variable environments. Climate chamber experiments using a diurnal change regime reflecting natural resting places would allow the examination of this important assumption.
All of the above strongly implies that renewed entomological, parasitological, and ecological investigations are urgently needed to aid the assessment of climatedriven expansion of malaria. We also need to renew efforts to collect and collate existing long-term records on disease incidence. At present, the intensity of the debate on the influence of climate has partly been fueled by the lack of longterm data for examining the relative role played by climate in the dynamics of malaria and other vector-borne diseases. Any climate change signal in these data will interact with other variables that have changed with time, such as increased drug resistance and the emergence of HIV-AIDS; a greater number of time series from different location will allow the metaanalyses that disentangle these interactions. In contrast, long-term climate data are richly available for most of the world, but the temporal and spatial scales of the resulting climate products are not easily converted to make local, mediumterm (months) projections of malaria incidence. Nor are the long-term projections of climate models compatible with the relatively primitive malaria models that might be used for examining how vectorborne disease distributions will change in a warmer world.
Why do we need better prediction for malaria outbreaks and the factors that determine the geographical distribution of malaria in a world with a changing climate and expanding human population? Many believe that as long as there is the possibility of a malaria vaccine being developed then we will have all that is needed to solve the world's problems with malaria. This optimism hides another significant mismatch in the scales at which we understand malaria biology. The recent deeper understanding of malaria's molecular structure has moved us glacially toward the development of a potentially effective malaria vaccine. From the early 1970s, the promises of a vaccine ''just around the corner'' have misguided many public health officials in not giving malaria research and control their required attention. In view of the anticipated frequent need to vaccinate and our experience in the logistic difficulties to deliver the simple childhood vaccines, we can no longer afford to ignore the gaps in our understanding of malaria's biology and entomology. This understanding is fundamental to establish the critical scales of coupling of malaria population models to climate. Climate-based forecasts can help us determine when and where to apply other methods of malaria control that reduce transmission rate, by means of treated bed-nets, or application of fungicides or bacteria targeted against older malaria-positive mosquitoes. Ultimately, the paper by Paaijmans et al. (3) underlines the need to understand malaria biology and its interaction with climate and control at a diversity of spatial and temporal scales.
